Abstract. Simulation is a very helpful and it becomes a useful tool in the field of roll forming. Simulation provides a low cost, secure and fast analysis tool. The process and roll design for flexible roll forming of a sheet with varying cross-section was investigated. In order to obtain a constant bending width, rotational speeds, locations, orientations and dimensions of the rolls were calculated following the unfolding prediction of the sheet metal. The simulation is elaborated by using ABAQUS software working together with elastic-plastic modules which we developed taking into account of interactions between these fields. The application of this method makes it possible to highlight the strain-stress and mechanical behavior laws and procedures the spring-back. Thus, the flexible roll forming bending process with different shape can be eliminated by the simulation software and make a clear guide for the actual machine to work.
Introduction
Cold formed long sheet metal parts with constant cross-section are used almost in every area of the industry. Especially in the automotive and construction industries, beam shaped, open or closed sections with constant cross-section are produced in huge quantities [1] . Due to its high productivity and low variable cost, roll forming has many advantages compared to other techniques that manufacture sections with constant a cross-section. In this technique, a great output quantity per time can be attained and consequently, a profitable economic efficiency can be achieved by the continuous bending action. The length of the profile is flexible and independent from tool geometry [2] .
The roll forming is a multi-stages process which transform an undeformed strip to a finished profile. The passes is designed by combining the theoretical analysis with the finite element analysis in accordance with the principles of cold roll-forming，thus the desirable high-quality bending sections achieved through the combination of the theory with practice.
Nowadays there are more and more demands on high quality sheet metal, especially for the ones produced in a single-piece or a small-batch quantity, however, the widely used sheet metal forming method such as stamping, stretching and hydro-forming, etc. are only profitable for mass production, the large initial investments and long setup time make them unsuitable for manufacturing small-batch products, and the sheet metal forming process based on the principle of continuous forming so that the usage of flexible forming tools will be an effective way to manufacture swept surface parts in the small-batch production [3] .
Discontinuous manufacturing technologies, such as stamping and stretch-forming can afford to produce a product at one time. The discontinuous flexible forming process, which is based on the usage of a reconfigurable die, does not require expensive conventional die and time-consuming setup operations, and thus this method is suitable and efficiency for the small quantity production of doubly curved sheet metals.
In this study, flexible roll forming bending process is designed to predict the bending process and the sheet mechanical behavior after deformation [4] .
Objectives and Approach
The main objective of this study is to develop of a flexible roll forming and bending process for an irregular sheet to achieve a constant bending width [5] . In this study, we investigated the mechanical behavior during the flexible roll forming process.
The CAD model of the desired shape was generated by the Solidworks and the simulation was carried out using a commercial finite simulation program ABAQUS.
The steps of this investigation were: 1． Modeling a given sheet which has a constant bending width, determining the shape and dimension of the rolls. 2． Defining the roll forming process and boundary conditions in ABAQUS such as mesh and interactions. 3． Determining the rotation center of the roll and establishing the boundary conditons for the rolls to make them moving forward as desired. 4． Evaluating effects of the processing parameters based on the simulation results and selecting the optimal position, boundary conditons of the rolls and deformation steps.
Finite Element Model
The chosen channel material is common structural sheet steel, SGACR 440 with a Young's modulus of 207 (Gpa) and Poisson's ratio of 0.28 [6] . The elastic-plastic properties,including the true stress and strain are given in TABLE 1 and the true stress-strain curve derived from these data is displayed in Figure 1 . With the different design of rolls ,the sheet could be deformed successively into products with different section.Three experimental setups of flexible roll forming process are modeled.There three kinds of sheets and the dimensions are shown in Figure 2 ,Fig3 and Figure 4 .For All sheets has a width of 900mm and the length in the longitudinal direction is 107.5mm. The concave and convex sheets are part of a circle which radius is 3000mm. In these roll forming processes, the deformed sheet progressively passes through a series of rolls. The angles of the rolls are from left to right, 15°, 30° and 45°.The metal sheets with the thickness of 1mm are used as the initial metal strip. 
Design of roll forming process
Various element types were evaluated and finally the quadrangular shell element (S4R) volume element with full integration was selected from the ABAQUS element library as the most stable element type for the Dynamic-implicit solver coupled with the roll forming design program [7] . After meshing, the 900 mm long half shape sheet contained 3294 elements. The mesh of the sheet is shown on Figure 5 , Figure 6 and Figure 7 .
. There are three possible ways to control the rigid contact bodies, by referencing the velocity, rotation and displacement or load. Each way can be chosen to execute the movement of the flattener rolls. For the sheet which has an angle with 3 degrees is easier to use the velocity by defining the velocity in X-axis along with Y-axis. However, there will be some major problems for sheets which have concave edge and convex edge if the velocity was defined the same way. The optimized way to overcome those problems is using the rotation and displacement rotation with period amplitude which is based on the Fourier series.
In mathematics, a Fourier series as shown in the Eq.1 is a way to represent a wave-like function as the sum of simple sine waves. More formally, it decomposes any periodic function or periodic signal into the sum of a (possibly infinite) set of simple oscillating functions, namely sins and cosines (or, equivalently, complex exponentials) [8] .
In this section, s(x) denotes a function of the real variable x, and s is integrable on an interval [x0, x0 + P], for real numbers x0 and P. We will attempt to represent s in that interval as an infinite sum, or series, of harmonically related sinusoidal functions. Outside the interval, the series is periodic with period P (frequency 1/P). It follows that if s also has that property, the approximation is valid on the entire real line. We can begin with a finite summation (or partial sum):
S N (x) approximates S(x) on [x 0 , x 0 +P] and the approximation improves as N → ∞. The infinite sum, s∞(x)is called the Fourier series representation of S. In engineering applications, the Fourier series is generally presumed to converge everywhere except at discontinuities, since the functions encountered in engineering are better behaved than the ones that mathematicians can provide as counter-examples to this presumption.
By which we can defined move path of the roll using a periodic function. Therefore, the rolls will move as a circle with no displacement in the third direction.
The position control of the sheet is conducted by defining a rotation in the Y direction. The movement in X and Y direction are fixed. The boundary conditions are performed by defining the centerline of the sheet. After defining these nodes for the sheet, the necessary movement definitions were given in the boundary condition tables. The position of the rolls is given in Figure 8 . After introducing the boundary conditions, contacts were defined to present the contacts between the rigid bodies and deformed bodies. The interactions between them were surface to surface contact and definite by the step. It has been assumed that the friction between the roll and sheet is penalty and the friction coefficient is small enough.
Process and Simulation
The geometry of the strips after rolling deformation is shown in Figure 9 , Figure 10 and Figure 11 . The forming result is influenced by the thickness, the material properties, the roll diameter, the deformation rate of the strip, and the angular velocity of the roll. In the simulation, only deformation areas are considered. The tensions before and behind of the deformation area are not considered. The comparison of the strain energy of the whole model is shown on Figure 12 . The strain energy of the sheet with 3 degrees, concave sheet and convex sheet are described from left to right. Strain energy is the energy stored by a system undergoing deformation. When the load is removed, strain energy is gradually released as the sheet metal returning to its original shape. The strain energy in the form of elastic deformation is mostly recoverable in the form of mechanical work. The strain energy of the convex sheet have turned to below zero is because of the bulking at the end of the roll forming.
According to Figure 12 , peak strain energy of the sheet with 3 degree occurs at the deformed strip edge before the roll forming finished because the sheet has the biggest deformation stress at that moment. The concave sheet is an exception, the strain energy increases during the simulation. At the starting point of the processes, the strain energy is very small because that there is no contact between the roll and sheet. As with the increases of the deformation, the strain energy increases. At last, all three groups of rolls have no contacts with the sheet and the energy comes down significantly. Comparing with the first two types of sheet metal, the convex sheet has something differences. At first, the strain energy is the same with the concave sheet which is zero. After that the strain energy increased and reach the peak. However, the increase stopped at the middle of the process during the time when bulking occurs. After some fluctation changes, the strain energy decreased and fall significantly to a negative value. This means that elements of the sheet are first stretched and then compressed before entering the roll stations.
Conclusions
In this paper, new designs of flexible roll forming bending process with Fourier series implementation. Different kinds of sheet were analyzed and we can conclude that the distribution of strain-stress and energy within are effectively predicted. Through the simulation program, the important parameters are determined by controlling parameters such as roll stand distance and roll forming speed. With the study above, we can know that:
1. Through the rigid-plastic finite element method, the flexible roll forming process can be effectively analyzed.
2. The strain energy of the convex sheet have turned to below zero is because of the bulking at the end of the roll forming.
3. The above simulation results can be utilized in the real roll forming industry. It is either done by choosing suitable metal strips, or by modifying the process parameters, such as the roll design.
If not only above process variables but also buckling and flange wrinkling are considered through the finite element analysis, it will be useful to make an estimate of the reasonable roll forming process, formability, and the defects of the roll-formed products.
